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Abstract 

We re-examine CP violation in the AS = decays r — > Nki> t (N = 2,3,4). We 
assume that the new physics (NP) is a charged Higgs. We show that there is no 
NP contribution to r — » 7T7iu T , which means that no CP violation is expected in 
this decay. On the other hand, NP can contribute to r — > Ni\v T (N = 3,4). These 
are dominated by the intermediate resonant decays r — > ujttu t , t — ► p-nv T and 
t — > a\-Rv T . We show that the only sizeable CP-violating effects which are possible 
are in r — > a\nv T Amv T (polarization-dependent rate asymmetry) and r — > ujixv t 
(triple-product asymmetry). 
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1 Introduction 



One of the most important problems in particle physics is finding the origin of CP 
violation. CP violation was first seen in the kaon system about 40 years ago and 
was observed in B decays some 5 years ago [1]. If one hopes to understand CP 
violation, it is important to look for its effects in as many decays as possible. One 
of the purposes of the present paper is to push for the search for CP violation in 
hadronic r decays. This is not a new area of research - there is already a large 
literature on the subject [2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. However, there have been few 
experimental results lately, and many studies have focused on decays which are less 
likely to exhibit CP violation such as r — > ixixv T [12]. 

All CP-violating effects come about due to the interference of (at least) two 
amplitudes with a relative weak (CP-odd) phase. In the standard model (SM) all 
r decays involve (essentially) only a virtual W. To the extent that there is only 
one decay amplitude, all CP violation in r decays vanishes in the SM. That is, the 
observation of CP violation in r decays would be a smoking-gun signal of physics 
beyond the SM. (Note that there can be a SM CP asymmetry in r — > 7iK s u T due to 
the several amplitudes in the K s . The CP asymmetry is O(10 -3 ), see Ref. [13].) 

Such CP violation will necessarily involve the interference of the SM W diagram 
with some new-physics (NP) amplitude. This NP amplitude typically consists of a 
right-handed W R or a charged-Higgs exchange. We show that W-W R interference 
always leads to effects which are negligible (they are suppressed by m u ). Thus 
we need only consider a NP charged-Higgs exchange. This assumption, while not 
completely model-independent (e.g. we do not consider light leptoquarks), is fairly 
general - a great many models of NP include a light charged Higgs boson. 

This said, many such models have two Higgs doublets, which give mass to the 
fermions. In such models, the coupling of the charged Higgs boson to first-generation 
final states is generally proportional to m u and ma, which are tiny. As a result, any 
CP violation which is due to charged-Higgs exchange is correspondingly small. If CP 
violation is to be observed in r decays, the charged-Higgs coupling must be large. 
Thus, r decays probe non- "standard" NP CP violation. This is arguably less likely 
to be observed, but if seen, the payoff is huge. 

In this paper we focus on the decays r — > Nnu T (N = 2,3,4). We first show 
that the charged Higgs cannot contribute to r — > imis T , so that no CP violation is 
expected in these decays. By contrast, the charged Higgs can contribute to decays 
with three and four pions, so that CP violation is possible. These decays are domi- 
nated by intermediate resonances (mostly vector). A second purpose of the present 
paper is to argue that, in studying r — > Nitv T (N = 3, 4), it is best to concentrate on 
CP violation in the resonant decays. To this end, we present a study of CP-violating 
effects in r — > Virv T (V = w,p,ai). We find that the total rate asymmetries in all 
decays are tiny. The polarization-dependent rate asymmetry may be measurable 
in r — > ai7iu T . A triple-product asymmetry may be measured in r — > uj-nu T . This 
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involves the measurement of the spin of the u, which in turn implies knowledge 
of the r momentum. We do not expect to measure large CP-violating effects in 

T — > pitV T — > ?>TXU T . 

Sec. 2 contains a proof that W-W R CP-violating effects are negligible, which 
leads us to consider charged-Higgs exchange as the new physics. We then discuss 
three possible CP-violating effects that are allowed, in general: the total rate asym- 
metry, the polarization-dependent rate asymmetry, and the triple-product asymme- 
try. We then examine the charged-Higgs contribution to r — > Nttu t (N = 2,3,4). 
Our main results are found in Sec. 3. We consider resonant contributions to the 
hadronic r decays and examine r — > uj7iu T , t — > p-nv T and r — > a\KV T . We write 
the form factors for the decays r — > V7ri/ T (V = w,p, ai) and examine the possible 
CP-violating effects. We find that such effects are possible in r — > ai7rz/ r — > 47rz/ r 
(polarization-dependent rate asymmetry) and r — > u;7ri/ T (triple-product asymme- 
try). We conclude in Sec. 4. Several technical details are included in the Appendix. 



2 t Decays: Generalities 
2.1 SM-NP Interference 

Consider the decay r — > /V r , where / is some final hadronic state. Assume also 
that the SM and NP contribute to this decay. Both contributions can be split into 
a leptonic and a hadronic piece. The SM leptonic piece is proportional to u u r y fJi 'y L u T , 
where j L = (1 - 7 5 )/2. 

Now suppose that the NP consists of a right-handed W H . In this case, the NP 
leptonic piece is proportional to u u '~f f j,'~f R u T , where 7 fl = (1 + 7s)/2. The SM-NP 
interference thus includes a piece proportional to Ty\u v u v ^ ^ h u T u T ^ v ^ R \. This trace 
is proportional to m v : r y R u u u u 'y R ~ m v . Since m u is negligible, we therefore conclude 
that CP violation in r decays coming from W-W R interference is negligible, and take 
the NP to consist only of a charged Higgs boson H . 

The coupling of the charged Higgs to leptons is scalar and/or pseudoscalar. This 
coupling can be written in terms of 7 L and j R . The piece of the neutrino coupling 
proportional to j R leads to a W-H interference term which is proportional to m v 
(as in the interference of W and W R above), and is negligible. Thus, it is only the 
iJ-neutrino coupling proportional to *y L which is important. The W-H interference 
term then involves 



Tr[M I/ M ! ,7 M 7 i M r M r 7 i ] = Tr 



Ki^IlKPt + m T ) 7 L 



= im r Tr[^7 M 7 L ] + ^Tr[^7^ r / r 7 L ] . (1) 

The first term is always present; the second term is only important if the spin of the 
r is known (i.e. if the r is polarized). 
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2.2 CP- Violating Effects 



If there are two contributing amplitudes to the decay r — > jv T then the full decay 
amplitude can be written 

A = A 1 + A 2 e i4> e i5 , (2) 

where and 5 are the relative weak (CP-odd) and strong (CP-even) phases, respec- 
tively. The full rate is proportional to J2 sp ins \A\ 2 - If some spins are measured, one 
does not sum over them. 

One CP-violating signal occurs if the spin-independent or spin-dependent rate 
is different from that of its anti-process. This is known as direct CP violation. It is 
proportional to 

sin sin 5 . (3) 

Thus, one can obtain a direct CP asymmetry if the two decay amplitudes have a 
nonzero relative weak and strong phase. 

A second signal involves a triple product (TP) . The TP takes the form v\ • (v2 x v 3 ) , 
where each Vi is a spin or momentum. In a 2-body r decay, the TP must involve 2 
spins - since the v T cannot be measured, this must include the spin of the r. The 
TP for a 3-body decay includes 1 spin; all the v j can be momenta in an M-body 
(M > 4) decay. If the TP in a given r decay is different from that seen in its anti- 
process, this is another signal of CP violation. The TP asymmetry is proportional 
to 

sin cos 5 . (4) 

Thus, one does not require a strong-phase difference to get a TP asymmetry. 

As discussed above, all CP-violating effects require the interference of two ampli- 
tudes. In particular, the transition H — > / must be possible. For example, suppose 
that / can be produced only through the decay of a vector (or axial-vector) meson 
V. Since the spin-0 charged Higgs cannot couple to the spin-1 vector meson, the 
decay r — > Vv T — > fv T can come only from a SM virtual W exchange. In this case 
there is only a single amplitude and one will not have CP violation. The lesson 
here is that one must check whether the final-state / can be produced from a spin-0 
charged Higgs boson. 

2.3 AS = r Decays: r — > Nttu t 

Above, we argued that, in the decay r — > fv T , it is crucial to know if the transition 
H — > / is allowed. Here we consider r — > Nnu T1 with N = 2, 3, 4. For a given Nn 
final hadronic state one can use isospin to determine if H — > / can take place. 

Consider N = 2, i.e. r — > 7T7tz/ t . The intermediate particle (W, H) decays to ud. 
The 7T7T final state can be produced if a gluon decays to a uu or dd pair, and these 
quarks combine with the ud from the decaying particle. In the isospin limit, the uu 
and dd quark pairs have the same coupling to the gluons, and are produced with the 
same rate. The amplitude for t~ — > 7r~7T°z/ T thus involves the formation of mesons 
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from quarks. Under isospin we have ir + = du, n~ = — -uc? and 7T° = (dd — uu)/y/2. 
Thus, 

u(uu)d + u(dd)d ~ [7r°7r~ — . (5) 

priori, the state of two pions corresponds to total isospin 1 = 0, 1,2. However, 
this antisymmetric combination corresponds to i = 1 only. (Note: the total isospin 
must be I = 1 because the gluons, which produce the quark pairs, have 1 = 0.) 
Since the total wave function of two pions must be symmetric (Bose symmetry), 
the relative orbital angular momentum must be odd, giving a spatial wave function 
which is also antisymmetric. This says that the ittc final state cannot be produced 
from a spin-0 charged Higgs boson. Thus, no CP violation is expected in this decay 
(more precisely, it is only at the level of isospin breaking). This is what is found 
experimentally [12]. 

Note that the above argument does not hold when the final state A~B° does not 
involve identical particles. Examples of this are p°7r~, %7r°, lu°it~, etc. That is, we 
know that the final state must have 1 = 1, but this does not imply anything about 
the total angular momentum in the absence of identical particles. Thus, J = is 
allowed, and the final state A~B° can be produced in the decay of a charged Higgs. 
For these final states, CP-violating effects are expected. 

A special case of this is the decay r — > nKu T which has been considered in 
Refs. [2, 3, 13, 14]. Here isospin gives K~ = —us and K° = ds. Thus, 

u(uu)s + u(dd)s ~ [{l/2)n G K- - ^ K°] . (6) 

Here the two pieces do not contain the same particles, and so the argument used 
above for r — > ixixv T does not apply. Thus, the decay r — > -kKv t receives (non- 
resonant) contributions from a charged Higgs boson. In addition, r — > 7iKu T can also 
be produced resonantly, from an intermediate vector V [if* (892)] or an intermediate 
scalar S [if,* (1430)] [2]. Note that the charged Higgs can couple to an S. Thus CP 
violation is possible in r — > 7iKu T . Since we have assumed that the coupling of the 
charged Higgs is arbitrary - that is, it is not proportional to quark masses - this CP 
violation could be large. However, it is also possible that the NP follows the pattern 
of the CKM matrix, so that CP violation in AS = 1 decays is suppressed compared 
to that in AS* = decays. In this paper we focus on AS = decays of the r. 

Now consider N = 3: r — > ixixixv T [4, 5]. This actually represents two decays: 
t~ — > 7r~7r + 7r~z/ r (called On ) and r~ — > -k~-k°-k°v t (2tv°). We write, 

nnn ~ u(uu)(uu)d + u(dd)(dd)d + u(uu)(dd)d + u(dd)(uu)d 

~ —TV 71 71 — IXIXIX-YIXIXIX^IXIXIX. { I ) 

In this case there is no constraint on the total angular momentum of the On or 2n° 
state, and the spin-0 H can contribute directly to both 3tt t decays in addition to 
the spin-1 W. 
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The N = 4 decay is similar: r — > 7T7r7r7rz/ T . As above, this actually represents 
two decays: t~ — > 7r~7r + 7r~7r°z/ T (i7r°) and r~ — > 7r~7r 7r 7r°z/ T (37r°). Given that the 
additional quarks come from gluons, 

7T7r7r7r ~ u(uu)(uu)(uu)d + u(uu)(uu)(dd)d + u(uu)(dd)(dd)d 

+ u(dd) (dd) (dd)d + u(dd) (uu) (dd)d + u(dd) (uu) (uu)d 
+ u(dd)(dd)(uu)d + u(uu)(dd)(uu)d 

+ 7r _ 7r + 7T _ 7r° — 7r~7r + 7r°7r~ + 7r~7r°7r + 7r~ — 7r°7r~7r + 7r~ . (8) 

The first and last four terms contribute to the decays 37r° and In , respectively. 
These terms do not have any particular symmetry under the exchange of any two 
pairs of 7r's, so that there is no constraint on the total angular momentum of the 
final state. Thus, the spin-0 H can contribute directly (non-resonantly) to both An 
t decays. 



3 r — ► <jj7ris T I pizv T I a\izv T 

We have therefore seen that there can be non-resonant contributions to r — > Nnv T 
(N = 3, 4) coming from the charged Higgs. However, there can also be resonant 
contributions from intermediate states such as un, pn and a-^n. These are 3-body 
decays, while the non-resonant decays are 4-body or 5-body. The phase-space sup- 
pression of these latter decays implies that the widths of such decays are much 
smaller than those of resonant decays, and so r — > Nnu T is dominated by reso- 
nances. (This is consistent with the results of Ref. [15], which finds that the 47r's 
in r — > nnnnu T come primarily from the (resonant) decay of un or a±n.) In the 
following we neglect all non-resonant contributions. 

Thus, there are several AS* = r decays which can receive contributions from 
a spin-0 charged Higgs. That is, charged H (NP) can give rise to CP violation. 
Although the decay r — > nnu T will not manifest CP violation, such an effect can 
be seen in r — > c<J7rz/ T , r — > pnu T , and r — > aiitv T . Obviously, the amount of CP 
violation will depend on the size of the H — > / contribution. 

In this section we examine CP violation in resonant AS* = decays. There are 
two ingredients: the size of form factors (for both the SM and the NP), and the size 
of the hadronic charged Higgs coupling. These will be discussed in turn. 

The matrix element for r — > fu T involves the product of a leptonic and hadronic 
current for the the W and the charged Higgs. However, as we saw in Sec. 2.1, the 
Higgs' leptonic current must contain a left-handed coupling to neutrinos in order to 
interfere with that of the SM. We can therefore write the Hamiltonian as 

H = cos 6 C {L^ + L H ) + h.c. , (9) 
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where the first and second pieces correspond to W and H exchange, respectively. 
We have 



L, = u ltl (l- l5 )r , H» = d>f(l->y 5 )u 

L = u(1+ 15 )t , H = d (a + bj 5 )u . (10) 

To evaluate the matrix element of r — > /V T we therefore have to estimate the 
hadronic matrix elements (/|iJ M |0) and (f\H o \0). 

3.1 r — > wkv t I p7ru T I ai7ru T : Form Factors 

Consider the decay t(Z) — > l / (gi)7r(g2)^r(^)) where V is a vector or axial- vector 
meson. The general structure for the SM current J M = (l / (gi)7r(g 2 )|if M |0) is [6, 7] 

= HQ") (Q 2e i ~ d • g 2 g^) + F 2 (Q 2 ) 6! • q 2 (tf - - Q" Q ' ft) ) 

+*F 3 (Q 2 ) e^ /37 e la g 1/3 g 27 + F 4 (Q 2 ) ei • g 2 Q" , (11) 

where Q M = (gi + g 2 ) M and ei denotes the polarization tensor of the V. The latter 
satisfies the relations 

q 1 -e 1 = 0, (12) 

E^r = -<r + #- (is) 

A m V 

The SM hadronic current is described by the four form factors Fi- A (Q 2 ). For a 
vector meson (uj or p), experimentally the contribution proportional to F 3 dominates. 
At present there is no evidence for the "second-class currents" proportional to F 1 
and F 2 [15, 16, 17] (which violate G-parity). For an axial-vector meson (a x ) F 3 
switches roles with i*\ and F 2 . That is, for the a±, the contributions proportional 
to F\ and F 2 dominate, while the F 3 term violates G-parity. In both cases the 
term proportional to F4 can arise only from a scalar interaction. In the SM, this is 
negligible [7]. A significant F4 term can only be produced from NP. 

The current J M can receive pole contributions. For example, for un these come 
from the p and p' = p(1450), which contribute to F 3 , 



F 3 pole (Q 2 ) = ^ 
7p 



m 2 m 2 , 



g2 _ m 2 + iy fQ?r p Q 2 - m 2 , + iVQ^r^ 



(14) 



In this expression, is the pc<;7r strong coupling and 7p is a quantity associated 
with the weak coupling of the p to the weak charged current [15]. The constant 
A\ may be expressed as a ratio comparing g pu)1T and 7p to the analogous quantities 
for the p' . In Ref. [15], A 1 is taken as a parameter that is fit to the data. It is 
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now clear that the widths of the p and the p' can generate a strong phase for the 
form factors. It should be pointed out that our model of the resonant contribution 
is simple and should be understood as a demonstration of how strong phases can 
arise. Note that, if G-parity is violated, there can also be resonant contributions to 
Fx(Q 2 ) and F 2 (Q 2 ) [7]. 

The non-resonant part of J M may be estimated in Chiral Perturbation Theory [8] 
as an expansion in the pion momentum with the vector mesons treated as heavy. 
However, in r decays the pion is not always soft and so higher-order terms in the 
chiral Lagrangian are important, leading to a loss of predictive power. Hence we do 
not estimate the non-resonant part. 

We now turn to the charged Higgs' hadronic current (Hq). Since the charged 
Higgs has spin 0, the Vn system is in a relative L — 1 angular momentum state and 
so only the pseudoscalar (scalar) term in Eq. (10) can contribute to the hadronic 
current for a vector (axial- vector) meson V. The general structure is 

■W = (V( qi H q2 )\Ho\0) = { bf ; €l -^ l/ VeCt ? r ' t (15) 
66 1 ' [aj H ei-q2, V: axial-vector, v ' 

where a and b are, respectively, the scalar and pseudoscalar couplings of the charged 
Higgs [Eq. (10)]. The form factor f H can have a CP-conserving strong phase from 
rescattering while a and b will in general have a CP-violating weak phase from New 
Physics. 

The squared matrix element is now given as 
G 2 

\A\ 2 = cos 2 9 C (M^ + M ffigg sJHig g s) (M U J U + M ffigg s Jffiggs) 1 , (16) 

where the M's are the matrix elements of the leptonic currents in Eq. (10). Using 
the equations of motion for the r and the neutrino, we can rewrite Eq. (16) as 

\A\ 2 = ^ cos 2 9 C L, U H^ , (17) 

where = M M (M v ) ] and = > (j v )\ with 

> = / JM + 6 (/^/ m ^) e i ' ?2<2 M , V: vector, 

\ J* 1 + a(f H /m T )6i ■ q 2 Q fl , V: axial-vector. 

Comparing Eqs. (11) and (18), we see that J M is obtained from J M by the replacement 
F 4 (Q 2 ) -> F 4 (Q 2 ), where 

p (n 2 \ - S F ^Q 2 ) + ( fe /fK)> V: vector, , . 

W) \F A (Q 2 ) + (af H /m T ), V: axial- vector. ^ 

Since any CP-violating effect requires an interference with the NP, we immediately 
see that F 4 (Q 2 ) must be involved in any such effect. 
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For future reference we note that, in the hadronic rest frame (where Q = and 
g° = V /Q?) ? we have 

J° = F 4 (Q 2 ) ei • q 2 Q° , (20) 
J i = J l = F 1 (Q 2 )Q 2 e\ + 2F 2 (Q 2 )e 1 -q 2 ql-tF 3 (Q 2 )e^ k e lj q lk Q . (21) 

Thus, in the hadronic rest frame, only J° contains a NP contribution. 

Now for the decay t~(1) — > l / (gi)7r~(g 2 )^T(^) we can write the differential decay 
width as [1] 

rA,-, „, d 3 Qi d 3 q 2 d 3 l' , . 

d * 3 = ^_ ft _ a _ _^_^__ . (22 ) 

A similar differential distribution can be written for the CP conjugate process 

r+(J) - n?i)T + ((fe)i/ T (Z / )- 

The differential distribution is best analyzed in the rest frame of the hadron 
(<Ti + 02 — 0), as is done in Refs. [7, 9, 10]. (In the following we follow closely the 
conventions and notation of these references.) We define the angles a, (3, 9 and ip in 
the same manner as they are defined in Ref. [7]. The definitions are reviewed here 
for convenience. Note that a, j3 and ip are defined in the hadronic rest frame, while 
9 is defined in the r rest frame. 

Let the unit vector hi denote the direction of the lab as viewed in the hadronic 
rest frame and let q\ = (fi/|(fi|, where q\ is the V's momentum in the hadronic rest 
frame. Then we let j3 denote the angle between n L and g 1; as indicated in Fig. 1. 
The angles a and ip are also defined in Fig. 1. As noted above, 9 is defined in the 
rest frame of the r. In that frame, 9 is the angle between the direction of flight of 
the r in the laboratory frame and the direction of the hadrons. Note that in some 
cases, even if the r's direction cannot be determined experimentally, the angles 9 
and ip can both be measured since they are related in a simple way to the energy 
E h of the hadronic system [7]. 

We assume here that the r's have polarization P, aligned with their direction of 
flight in the laboratory. Then = — P 2 . A derivation of the r spin four-vector s M 
in the hadronic rest frame may be found in Appendix A of Ref. [9]. For convenience, 
an expression is included in the Appendix of the present work as well. 

Since r decays always involve a neutrino, it can be difficult in practice to re- 
construct the r's momentum. At this stage, we assume that the r direction is not 
known. Later, in our discussion of triple-product CP asymmetries, we will assume 
that the r direction is in fact known. (Note that while the missing neutrino cer- 
tainly makes the determination of the r's direction difficult, there are experimental 
techniques that can be employed to obtain the direction [11].) 
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- Y' 



Figure 1: Coordinate system showing the angles for the decay r — > Wza The 
momentum vectors shown are in the hadronic rest frame. Note: this figure is very 
similar to one shown in Ref. [3]. 



Employing the various definitions for the angles, and integrating over a (the 
unknown r direction), we find [7] 



dY = 



I Qi I 



m 2 — Q 2 \ dQ 2 d cos 6 d cos (3 2 



2m T (47r) 3 



mf 



2 



(23) 



The matrix element squared, \A\ 2 , is proportional to L^H^ [see Eq. (17)]. We 
write the physical polarization states of the V in the hadronic rest frame as 



e?(±) = -^(0;Tl,i,0), e?(0) 



k!l. 00 ^ 



my 



my 



(24) 



where the coordinate system is defined in Fig. 1. In this basis, the hadronic tensor 
= {j u ^j is simplified considerably [see Eqs. (20) and (21), and we sum over 
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polarizations: 



( II || \ 













V II o o || J 

( \h\ 2 




V f 1 f:,f 2 f: 





\Fi\ 2 ,\F 3 \ 2 
Re(F 1 F*) 






Re(F 1 F 3 *) 




F 4 F*,F 4 F* \ 



\F 1 \ 2 ,\F 2 \ 2 ,Re(F 1 F*) J 



.(25) 



In the first matrix expression the non-zero elements are indicated with the symbols 
"||" and "_L". These denote the longitudinal and transverse polarization states, 
respectively. The second matrix expression indicates the functional dependence on 
the form factors F\(Q 2 ), . . . ,F 4 (Q 2 ). Thus, for example, H 03 is only non-zero for 
longitudinally-polarized V's, and it depends on the structure-function combinations 
F 4 F* and F 4 F*. 

Recall that the NP contributions are contained in F 4 (Q 2 ), and that all CP- 
violating effects require the interference of SM and NP jmiplitudes. We therefore 
see immediately that any CP asymmetries will involve H 00 , H 03 or H 30 . This is 
consistent with Eqs. (20) and (21), which note that only J° contains a NP contri- 
bution. 

By defining symmetric and antisymmetric combinations of the various elements 
of the tensors L^ v and H^ u , it is possible to write the expression for L^ V H^ U in a 
relatively simple manner. Using the notation in Ref. [9], 6 we write 



Y^LxWx 

x 



(26) 



where X = A, B, . . . , I, SA, SB, . . . , SG and where there is an implied summation 
over polarization states. Definitions and some expressions for the relevant non-zero 
contributions are included in the Appendix. 

We now examine three possible CP-violating signals: the rate asymmetry, a 
polarization-dependent rate asymmetry (the polarization is that of the r), and a 
triple-product asymmetry. 



3.2 Rate Asymmetry 

Integrating the differential width in Eq. (23) over the angular variables (3 and 9, and 
normalizing the result to the width for r — > euu, we obtain 



dY 



cos 2 9 r 



T e rfQ 2 2(Q 2 ) 3/2 m8 



(m 2 T - Q 2 ) 2 Iqtl [(2Q 2 + m 2 ) (W A + W B ) + 3m 2 T W SA } , (27) 



3 Note the corrections to some of the relevant expressions in the Erratum to Ref. [9]. 
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where \qf \ is the magnitude of the momentum of the V in the hadronic rest frame (see 
the Appendix for an explicit expression) and T e ~ Gprn^ / (192tt 3 ) . Note that Wsa 
contains a Higgs-exchange contribution, but Wa and Wb do not (see the Appendix). 
In particular, 



W SA = H 



00 



m 



v 



(28) 



The rate asymmetry depends on the difference between the above expression and 
the analogous one for the r + decay, 



A 



Ar 



CP 



(29) 



where Ar is the difference of the widths for the process and the anti-process (nor- 
malized to r e ), 



Ar 



/ 



dT 



dY 



r e dQ 2 r e dQ 2 

3 cos 2 0, 



dQ' 



~ [ 

J 1[Q 2 f 2 m% 



(m 2 T -Q 2 ) \ql\(w SA -W SA ) dQ' 



(30) 



and r sum is the sum of the widths for the process and the anti-process. 

The expression for Ar may be written explicitly in terms of strong and weak 
phases. Defining phases in the following manner, 



FAQ 2 ) 
f H (Q 2 ) 



exp 
exp 



b 

a 



m 2 ) 
f H (Q 2 ) 

6|exp(i0 fe ) , 
a|exp(i0 a ) , 



iSj(Q 2 
tS H (Q 2 ) 



(j = l,...,4), 



we have 



W SA 



\F4f H b\ 



m 



v 



sin (64 — 6 h) sin 06 



(31) 
(32) 
(33) 
(34) 



(35) 



for a vector meson (e.g. V — uS). ¥01 an axial- vector meson (e.g. V = ai) the change 
b — > a must be made. This expression may be inserted in Eq. (30) to determine Ar. 
The key point is that Ar depends on the product of the NT amplitude (proportional 
to f H b or f H a) with the SM scalar form factor F 4 . But F 4 is expected to be very 
small, regardless of whether V is a vector or axial-vector meson. We therefore 
conclude that the total rate asymmetries in r decays are small, even in the presence 

of Nr. 
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3.3 Polarization-dependent Rate Asymmetry 



The regular rate asymmetry defined in Eq. (29) depends on F±, and is likely to be 
very small. It is also possible to define a rate asymmetry that depends on /h-F* 
and/or /ffF 2 *. It turns out that to extract such cross-terms, one need only weight the 
differential width in Eq. (23) by cos/? when performing the integration over cos/5. 7 
Performing the various integrals and forming a CP asymmetry, we obtain 

Ar( cos /3} 



.(cos/3) 
^-CP 



(36) 



where Ar^ COS/3 ) is the difference of the widths for the process and the anti-process: 

dY dY 



cos f3) 



I 



T e dQ 2 dcos(3 
r cos 2 9 C 
J 2(Q 2 ) 3/2 - 6 



T e dQ 2 dcos(3 



dQ cos (3 dcos (3 



rrVi 



(ml - Q 2 ) 2 {Wsf - W SF ) p(Q 2 )dQ 2 , (37) 



with 



p(Q 2 ) = J I cos-0 + Pcos^cos-0 + P sin 9 sin ip 

Note that -0 is a function of 9 (see the Appendix). 
We have 



dcos 9 



(38) 



W SF = 



H 03 + H 30 



(Q 



9i 



m 2 / 



2Re(F!F 4 *) (v^i) +4Re(F 2 F 4 *) 



(39) 



where Fi denotes the energy of the V in the hadronic rest frame. The form factors 
Fi and F 2 are expected to be very small for a vector meson (e.g. V = uo) but are large 
for an axial- vector meson (e.g. V — a{). We therefore conclude that this asymmetry 
can be sizeable for the decay r — > a\KV T . 

Figure 2 shows plots of p(Q 2 ) for a few parameter choices, assuming that the r's 
are produced in a symmetric collider environment. We see that p(Q 2 ) can be large, 
even if the r's are unpolarized (P = 0). 

Employing the definitions in Eqs. (31)- (34), and assuming that the decay is 
r — > aiTiVr, we find the following expression for the difference Wsf — Wsf, 

(Q 2 f 2 \q!\\fHa\ 



W S f - W S f = 4- 



rn 



Ol 



x 



|Fx| sin (<5x - <fe) JQ 2 E 1 + 2 |F 2 | sin (S 2 - 8 H ) (qlf 



sin0 a ,(4O) 



7 Rcf. [7] shows some partial results along these lines, but assumes that the scalar contributions 
are zero. Including the scalar contributions is straightforward. 
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Figure 2: Plots of p(Q 2 ) for various values of the r polarization P. The function 
p{Q 2 ) is involved in the polarization-dependent CP asymmetry and is defined in 
Eq. (38). The solid and dashed lines show the results for = m T ( 4 s) and \fs = m z , 
respectively. 



This expression may be inserted in Eq. (37) to determine AT( cosl 3). We stress that 
the angle (3 must be measured in this CP asymmetry. That is, in contrast to the total 
rate asymmetry (which is very small), the polarization-dependent rate asymmetry 
is in fact a directional asymmetry. 

As noted above, the four 7r's in r — > ixixixixv T come primarily from the decay of 
urn or aiir. The polarization-dependent rate asymmetry of ujtx is essentially zero, so 
the (inclusive) measurement of this asymmetry in r — > ixixixixv T effectively probes the 
(exclusive) contribution of r — ■> a\Txv T and it appears that one does not require that 
the ai be reconstructed. However, there is a potential problem here. The angle (3 is 
the angle between the a\ momentum in the hadronic rest frame and the direction of 
the lab as viewed in this frame. In order to get f3, one does in fact have to reconstruct 
the cii to get its momentum. However, the width of the di is extremely large. As 
a consequence, it may not be possible to identify unambiguously which three of the 
four pions came from the di. If so, there will be an ambiguity in defining (3. There 
are two possible solutions to this problem. One is to exclude events in which one 
cannot unambiguously reconstruct the di. This may severely reduce the number of 
events. The second is to include all possible reconstructions of the di [15]. This 
may severely reduce the signal. We assume that the experimentalists will find the 
optimal solution. 

We now present a brief numerical analysis of the polarization-dependent asym- 
metry for t — > di7rz/ T . The polarization asymmetry depends on cross terms involving 
the NP form factor fjj with the SM form factors F\ and F2 [see Eq. (40)]. The form 
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factors Fi and F 2 are expected to dominate in the calculation of the width for 
r — > a\ixv T , but at this point the relative sizes of the two are not known. To perform 
a few estimates of the polarization asymmetry, we make the simplifying assumption 
that either Fi = or F 2 = 0. 8 In addition, since the Q 2 dependence of the form 
factors is theoretically unknown, we have repeated the calculations for two different 
sets of assumptions in each case. 

In the first scenario, we assume that i*\ (or F 2 ) receives contributions only from 
the p(770); in the second, we assume that both the p(770) and p(1450) resonances 
contribute. The form factors thus have the form shown for F^ ole in Eq. (14), but 
with g pW7T /'~fp replaced by a constant that is determined by the experimental rate for 
B(t — > a\-nu T ). 9 The CLEO collaboration has performed several fits to determine 
the branching ratio for r — > a\ixv T . In one of the better fits, the collaboration 
obtains R ai7T = B(r~ -> (a^)' 'u t )/B(t~ -»• 2tt-7t + tt v t ) = 0.49 ± 0.02 ± 0.02 
(Model 3 in Table IV of Ref. [15]). There is a slight subtlety in that this ratio 
includes contributions from both r _ — > a\-K^v T and t~ — > af7r°z/ r . Furthermore, 
the a\ can be formed in two different ways, while the aj~ can only be formed in 
one way. The experimental analysis includes all three possibilities and even allows 
them, in principle, to interfere. For our analysis we consider the and, as an 

approximation, use the central value R a o w - ~ (2/3) x R ai w — 0.327 to determine F\ 
(or F 2 ). We then assume that a NP contribution could reasonably be assumed to be 
"hidden" in the remaining uncertainty. We thus tune the NP combination \afn\ such 
that the NP contribution to R a o n - is equal to approximately 0.019 (i.e., we multiply 
the uncertainty by 2/3 as well). This procedure yields the value \af H \ ~ 6.8. (Note 
that ffj is assumed to be a constant with zero strong phase.) Having fixed F 1 (or F 2 ) 
in this manner, and setting P—l in Eq. (38), we proceed to compute the polarization 
asymmetry defined in Eq. (36). 

If Fi j2 are assumed to be dominated by the p(770) resonance we obtain quite 
small asymmetries - of order ~ 1% for |sin0 a | = 1 - regardless of which form factor 
has been set to zero. This fact is not surprising in this case: since the p(770) cannot 
go on shell in r — > a\ixv T , the factors sin (5i )2 — 5h) in Eq. (40) are small (recall that 
we have assumed 5h — 0). Larger asymmetries are obtained by assuming that both 
the p and p 1 contribute to F 12 , since the p' can go on-shell, leading to appreciable 
strong phase effects. In this case asymmetries of order 15% (7.5%) can be obtained 
when F 1 (F 2 ) is set to zero (again assuming that the strong phase associated with 
the NP contribution, 5h, is set to zero). 

8 Although the real picture is expected to correspond to some intermediate situation, this seems 
to be a reasonable way to proceed in order to make model-independent predictions. 

9 In the first case we set Ai = (i.e., p resonance only). In the second case we somewhat 
arbitrarily take A\ = —0.24, which is the value we also use in Sec. 3.4 when estimating the triple 
product asymmetry in r — > uitv T . In that case the choice is well-motivated [15]. 
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3.4 Triple-product Asymmetry 

If the momentum of the r can be determined experimentally, it is possible to con- 
struct a triple-product CP asymmetry. In this subsection we will assume that the 
r is unpolarized (P = 0), but that the polarization of the V is measured. Further- 
more, we will assume that the polarization of the V is neither purely transverse, nor 
purely longitudinal. As we shall see, this assumption will allow the NP contribution 
to interfere with the SM form factor F 3 , allowing for possibly observable effects for 
V = uj and V = p. 

There are in principle two possible sources of triple products in hadronic r decays, 
assuming that the r's are unpolarized. The first possible source arises from the 
leptonic tensor L^ u , which contains a term proportional to ie atl p v l' a l^ . This term is 

contracted with = J M (j u ^j , which only contains NP contributions if /i and/or 
v is equal to zero [see Eqs. (20) and (21)]. It is then evident that the is ajX p v l' a l^ term 
in cannot lead to a CP-odd TP asymmetry. (Note that ie^jkl' 1 ^ = because 
I' — I in the hadronic rest frame.) 

The only other source of a CP-odd TP asymmetry is found in the hadronic 
tensor; the triple product arises from a Levi-Civita tensor term in involving the 
F 3 term. This P 3 can be large if V is a vector meson: V = lu, p. The CP-violating 
TP asymmetry can be sizeable for the decays r — > wkv t and r — > pi\v T . 

The TP involves the V momentum, so that it is necessary to reconstruct the 
V. This makes the decay r — > piris T problematic. The width of the p is very large 
and one runs into a similar problem as that described in Sec. 3.3. In the decay 
t — > p7iu T — > 3ttv t , it is not possible to identify unambiguously which two of the 
three pions came from the p. It is therefore very difficult to reconstruct the p and, 
as a consequence, difficult to measure the TP in these decays. 

The decay r — > u>Trv T does not suffer the same problem. The uj is quite narrow, 
so it can be fairly easily reconstructed. For this reason, in the measurement of the 
TP asymmetry, we exclude r — > p7rz/ r , concentrating only on r — > uj-kv t . (Note that 
this implies that there are no clean CP- violating signals in r — > 3ttu t .) 

Keeping only the terms that can lead to a CP-odd TP asymmetry, and averaging 
over the spin states of the initial r, we have 



TP 



-L 0i J Q {j^ -L i0 f (j°) 



TP 



(41) 



E 1 



Im (bf H F;) (el • ft) ei • (fx ft) . (42) 



In the second line we have adopted a real basis for the u polarization tensor and 
have used the relation e\ • qi — • qi/ E ± , which is valid in the hadronic rest 

frame. 

Since we now assume that the r direction is known, we can simplify our coor- 
dinate system somewhat compared to that shown in Fig. 1. We define ( to be the 
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angle between I and gi (/ is the momentum of the r; q\ is the momentum of the V); 
that is, 



I ■ qi = I \q\ \ cos C • 
It is then convenient to define three direction vectors as follows, 

gi m u ^ fx g! fx £ ^ (f x gi) x gi 



ni 



\qi I ' 



n 2 



I X gi 



\<h I sin C 



™3 



x gi x g x 



(43) 



(44) 



where all quantities are expressed in the hadronic rest frame. The peculiar normal- 
ization of ni is associated with the boost from the a/s rest frame to the hadronic 
rest frame. With the above definitions, the condition e\ — — 1 becomes 

(ei • ni) 2 + (ei • n 2 f + (ei • n 3 ) 2 = 1 . (45) 

Rewriting Eq. (42) in terms of the various direction vectors, we have 

8m T \qf\Q 2 



TP 



■ sin C Im (bf H F*) (ei • n x ) (el • n 2 ) 



(46) 



Substituting this expression into Eq. (17) and calculating the differential width, we 
find, 



dY 



T e dQ 1 



3ir cos 2 0, 



TP 



-y=f (m 2 T - Q 2 ) \ql\* Im (bf H F;) (el ■ n 1 ) (el ■ n 2 ) , (47) 



in which we have integrated over the angle (. 

It is now possible to define a CP asymmetry based on Eq. (47), 



A TP 

/i cp — 



AY 



TP 



(48) 



where Ar T p is the difference of the widths for the process and the anti-process, 

dY dY 



ay 



TP 



/ 



Y e dQ 2 Y e dQ 2 
~ (el • ni) (el • n 2 ) J 



dQ' 

TP 

3"7T COS 2 6 r 



-Q 2 ) 2 \Ql\ 



x \bf H F 3 \ cos (8 3 - 5 H ) sin <f) b dQ 2 . 



(49) 



This CP-odd TP asymmetry depends on the form-factor combination fnFs, which 
is the most favourable combination possible, since F3 is known to dominate over the 
other form factors in Eq. (11) (for the decay r — > lu-ku t ). Furthermore, as noted 
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above, the asymmetry vanishes if the cj's polarization is either purely longitudinal 
(el ■ n 2 = 0) or purely transverse (el • n\ = 0). Finally, note that the TP asymmetry 
depends on the cosine of the strong phase difference, so it can be non-zero even if 
there are no strong phases. 

The TP asymmetry defined above is written explicitly in terms of projections 
of the polarization vector onto the vectors n\ and n 2 . A similar approach was 
followed in Refs. [18, 19]. In that case the authors constructed T-odd observables 
in B — > D*£u using the polarization of the D*. In Appendix B of Ref. [19], the 
authors showed that there was a direct connection between the asymmetries written 
in terms of polarization projections and more "physical" asymmetries constructed 
using the momenta of the D* decay products. 

We conclude this section by presenting a numerical investigation of the size of the 
TP asymmetry in the decay r — > tonv T . This asymmetry is easier to study than the 
one discussed in the previous section, since the SM decay amplitude is dominated by 
a single SM form factor, F 3 . For our numerical estimate of the TP asymmetry, we 
use the expression for F 3 given in Eq. (14), taking A 1 = —0.24, g pul7T = 16.1 GeV -1 
and 7 P ~ 4.95 (Model 2 in Table I of Ref. [15]). This yields = B(t~ -> 
(cony ~v T ) I 'B(t~ — > 2n~n + n i/ T ) ~ 0.38, in agreement with Model 3 of Table IV of 
Ref. [15], which had obtained the value = 0.38 ±0.02 ±0.01. Assuming that the 
NP contribution can at most be responsible for the remaining uncertainty in R^n, we 
tune \bfn\ such that its contribution to R^ is approximately 0.022. This procedure 
yields \bfn\ — 0.98. Finally, we have computed the asymmetry using this value and 
assuming that the strong phase Sh = and that |sin05| = 1. The resulting TP 
asymmetry has a magnitude of order 30% multiplied by (el • Hi) (el • n 2 ) 

4 Conclusions 

In this paper we have re-examined CP violation in AS = hadronic r decays. 
Any CP-violating effect requires the interference of (at least) two amplitudes with 
a relative weak phase (and often a relative strong phase). The standard-model 
contribution involves (essentially) only a virtual W and constitutes one amplitude. 
The second amplitude must come from new physics (NP). We assume that the NP 
consists of a charged Higgs boson. This is a fairly general assumption. 

However, in many models, the coupling of the charged Higgs boson to first- 
generation final states is proportional to first-generation masses, and is negligible. 
In order to obtain a measurable CP-violating effect in r decays, we must examine 
non- "standard" NP, and consider only the case in which the charged-Higgs coupling 
to first-generation particles is large. This is not usual, but if CP violation is seen in 
r decays, it points clearly to a different type of NP. 

The decays examined are essentially r — > Nnu T , with N = 2, 3, 4. We have shown 
that the charged Higgs H does not couple to two pions, and so the decay r — > ixixv T 
will not exhibit CP violation. However, H does couple to 3ir and An, so that CP 
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violation could be seen in r — > Ntiv t (N = 3,4). In addition to non- resonant con- 
tributions, these decays receive resonant contributions from intermediate particles 
such as ou, p and a±. These resonant contributions involve a smaller number of final 
particles, and are dominant. We therefore consider only the resonant contributions 
to AS = hadronic r decays. 

For the decay r — > Vtiv t (V is a vector or axial- vector meson), the SM hadronic 
current involves four form factors Fi- 4 (Q 2 ). If V is a vector meson (u>, p), the 
contribution proportional to F 3 dominates. The F 1 and F 2 terms violate G-parity, 
and there is no evidence for such second-class currents. Equally, there is no evidence 
for a non- zero _F 4 term, which is scalar. If V is an axial- vector meson (ai), Fi/F 2 
and F 3 change roles. Thus, in the decay r — > a\-KU T , the contributions proportional 
to Fi and F 2 dominate, while the F 3 term violates G-parity. For vector mesons, 
the NP hadronic current is proportional to bf H , where f H is a form factor and b 
is assumed to have a non-zero weak phase (b is the pseudoscalar coupling of the 
charged Higgs). For axial- vector mesons, one makes the substitution b — > a, where 
a is the scalar coupling of the charged Higgs. 

We have examined three potential signals of CP violation: an overall rate asym- 
metry, a polarization-dependent rate asymmetry (the polarization is that of the r), 
and a triple-product asymmetry. It is found that the overall rate asymmetry is 
proportional to \f H F 4 \ and is tiny for all hadronic r decays. 

The polarization-dependent rate asymmetry is proportional to \f H F\ \ and \f H F 2 \. 
It is therefore sizeable only for r — > a\-nv T . However, the width of the a\ is extremely 
large, which can lead to ambiguities in reconstructing the direction of the a\ momen- 
tum. If this problem can be addressed, the polarization-dependent rate asymmetry 
in r — > a\KV T — > Atxu t is a good signal of CP violation, with values of order 15% 
currently allowed by experimental data. 

Finally, the triple-product asymmetry is proportional to \f H F 3 \, and can be size- 
able for r — > uj7tu t and r — > p7iu T . However, the p width is very large, which can 
lead to difficulties in reconstructing the p from r — > ?>itv T . The uj is quite narrow 
and does not suffer similar problems. For this reason we consider only the decay 
t — > tjj-Kv T in the calculation of the TP asymmetry. Note that this means that there 
are no clean signals of CP violation in r — > 37rz/ T . Our analysis indicates that the 
current experimental data allow a TP asymmetry for r — > uj-kv t as large as 30% 
multiplied by (el • Hi) (e*i ■ n 2 ). 

Note also that this triple product is e w • (p w x p T ). In order to measure this TP, 
one needs the spin of the u (e w ), which in turn means that the direction of the r 
must be known. 
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A Appendix 

This section contains the definitions for the relevant L x and W x in Eq. (26) as well 
as explicit expressions for several other quantities, such as \qf\, cos 9 and cos^. 

A.l Expressions for Lx and Wx- 

In the polarization basis indicated in Eqs. (24) many of the elements of the hadronic 
tensor H^ u are zero. Summing over the polarization states, we find 

L^H^ = L A W A + L B W B + L E W E + L SA W SA + L SF W SF + L SG W SG , (50) 

where [9], 



L A = 


\ (£ n + L 22 ) , 


w A 


= H u + H 


L B = 


L 33 , 


W B 


= H 33 , 


Le = 




W e 


= -i(h 12 


Lsa = 


L 00 , 


W SA 


= H 00 , 


L SF = 


_I( L 03 + L 3 0) 


W SF 


= H 03 + H 


Lsg = 


_i (L 03 - L 30 ) , 


W SG 


= -i(h 03 



Explicit expressions for these quantities may be found in Ref. [7] (recalling that one 
needs to make the replacement F 4 — > F4). A few expressions that are useful for our 
purposes are the following, 

2Q 2 [(gD'li^ + Q 2 !^! 21 
Q 2 r 



w A 

W B 



m 



Q 2 Ef \F X | z + 4JQ 2 E 1 {q{Y Re (F X F*) + 4 (g*) \F 2 \ 



v 

4 („z\2 



(51) 
(52) 



W SA 
W SF 
W SG 



Q 4 (ql 



mi 



(Q 2 f 2 \qf\ 



rn 



v 



Qi\ 



(Q 2 f 2 kt\ 



rn 



v 



2 Re (FiF 4 *) [ ^/Q 2 E 1 J + 4 Re (> 2 F 4 *) 
2Im(F 1 F 4 j (yJcpE?) + 4Im(F 2 F 4 *) \q{ 



(53) 
(54) 
(55) 
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Note that only Wa is non-zero in the limit that the F3 structure function dominates 
the current J M , as is the case for r — > uotiv t . Furthermore, as noted in the text, the 
form factor F 4 , which contains the Higgs contribution, only appears in combination 
with Fi, F 2 and itself, and not with the dominant F 3 term. The combination F 3 F 4 * 
can arise if the V^'s polarization is taken to have non-zero projections in both the 
transverse and longitudinal directions. Such is the case for the triple-product CP 
asymmetry constructed in the text. 

A. 2 Expressions for some kinematical quantities. 

In the hadronic rest frame the magnitude of the momentum of the V is given by 

\ q l\ = ^\ l/ \Q\m^ml) , (56) 

where A(x, y, z) = x 2 + y 2 + z 2 — 2(xy + xz + yz) . Then the energy of the V is simply 
Ei = V(?f ) + m 2 v . 

It is also possible to derive a relation between the angles and if>. Assuming that 
the r's are pair-produced at a symmetric collider, these angles may be expressed as 
follows [7], 



cos0 = T * (57) 

{m 2 T - Q 2 ) (1 - Am 2 T /s) 1/2 

cos^ = T-pr , (58) 



where s = 4E{; eilin = AE 2 and x = 2E h /^/s, with E h being the hadron energy in 
the lab frame. To determine the relation between if) and explicitly, one can solve 
Eq. (57) for x in terms of cos# and then substitute the result into Eq. (58). This 
allows one, for example, to perform the integration in Eq. (38). Similar expressions 
could be derived in the case of an asymmetric collider, assuming one knew the correct 
boost factor. 

In determining the polarization-dependent CP asymmetry, we have assumed the 
incident r's to have polarization P as viewed from the lab. A derivation of the r 
spin four- vector in the hadronic rest frame may be found in Appendix A of Ref. [9]. 
For convenience, we list the result here as well. In the S' frame (see Fig. 1), 

(s^) S = P\ cos#, — — cos#sm-?/> + sin ^ cos -^,0, 



— cos0cosifj — sin 6 1 sin ) , (59) 
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where lo and / refer to the energy and momentum of the r in the hadronic rest 
frame. To obtain the expression in the S frame, one needs to perform an orthogonal 
rotation on the spatial components of (s M ) using the angles a and (3 indicated in 
Fig. 1. 
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